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Thermal convection experiments in a rapidly rotating hemispherical shell suggest a model in which the convection in Earth's liquid outer core is controlled by a thermally heterogeneous mantle. Experiments show that heterogeneous boundary heating induces an eastward flow in the core, which, at a sufficiently large magnitude, develops into a large-scale spiral with a sharp front. The front separates the warm and cold regions in the core and includes a narrow jet flowing from the core-mantle boundary to the inner-core boundary. The existence of this front in the core may explain the Pacific quiet zone in the secular variation of the geomagnetic field and the longitudinally heterogeneous structure of the solid inner core.
The temperature profile in Earth's outer core is estimated to be nearly adiabatic (1) as a consequence of its highly turbulent state. The total heat flux from the core to the mantle is estimated to be comparable to (within a factor of 2) the heat conducted down the core adiabat (1, 2) . These conditions lead to an unusual thermal regime in which the turbulent convective heat transfer amounts to less than one-half of the total heat transfer from the core. The situation is further complicated by a heterogeneous heat-flow boundary condition due to the large-scale pattern of mantle convection. As a consequence, the convective part of the heat transfer in the core is likely to exhibit extremely large lateral variations, perhaps of more than an order of magnitude (3). The importance of a thermally heterogeneous core-mantle boundary (CMB) for convection in the core has been recognized (4). Theoretical studies have investigated the flow driven by boundary heterogeneity, but mostly in the cases in which the heat-flux variation is relatively small (5). These studies have shown that, under some conditions, the convective pattern in the core can be locked to the CMB heterogeneity. In the core, we expect a generally convective state modulated by a large lateral variation in convective heat flux. In our study, we modeled this regime using laboratory experiments in a rapidly rotating spherical shell (6) . Such experiments realize conditions closer to those of Earth by an order of magnitude, as compared to numerical models (7) , and also include the fine-scale structures that tend to be smoothed out in numerical models.
A hemispherical shell ( Fig. 1 ) was filled with water and rotated at 206 rotations per minute, providing an Ekman number of E ϭ 4.7 ϫ 10
Ϫ6
. Radial gravity was simulated by the combined effects of Earth's gravity and centrifugal acceleration. The outer copper sphere, the model CMB, was maintained at room temperature. The inner copper sphere, the inner-core boundary (ICB), was maintained beDepartment of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD 21218, USA.
*To whom correspondence should be addressed. Email: sumita@ekman.eps.jhu.edu low room temperature. Thermal heterogeneity was imposed by attaching a heat-flux-regulated, thermally insulated rectangular heater at the CMB, covering a latitudinal and longitudinal rectangle of 0°to 48°and 0°to 9.7°, respectively, which is 2.3% of the CMB area (8) . This patch modeled the effect of an anomalously cold region in Earth's lower mantle, where heat flow from the core to the mantle is large. The heat-flux variation in the experiments modeled the heat-flux variation in the core in excess of that conducted down the adiabat. The total heat flux at the ICB was measured by the temperature rise of the water circulating in and out of the inner core. We recorded the temporal and spatial variations of the pattern, flow velocity, and temperature.
With a homogeneous thermal boundary condition, convection in the fully developed regime consists of nearly two-dimensional turbulence, with meandering plumes originating from the ICB and CMB (6) . The mean zonal flow is westward, and the convective pattern drifts westward with this flow. We refer to this as the basic convective state. Figure 2 shows how this basic state is modified by boundary heterogeneity for 19 Ͻ Ra/ Ra c Ͻ 52 (Ra is Rayleigh number, Ra c is critical Rayleigh number), E ϭ 4.7 ϫ 10
, and for lateral variation of heat flux at the CMB up to ϳ100 times its mean value. When the peak heat flux at the CMB is less than ϳ35 times its mean, the mean convective structure remains unaltered from the basic state ( Fig. 2A) . However, there is a localized eastward flow adjacent to the heterogeneity. Temperature in the fluid measured by thermistor probes indicates a higher temperature and a larger fluctuation to the east of the heterogeneity. This eastward phase shift is consistent with some of the previous theoretical studies (5). As the heat flux is increased, the anomalous flow extends toward the ICB, and temperature fluctuation changes from the predominance of spikes with negative anomaly to positive anomaly, indicating that the flow is increasingly driven by warm plumes. Because the anomalous flow is confined near the heater at the CMB, we refer to this regime as local locking.
A much different regime appears when the peak heat flux at the CMB exceeds its mean by ϳ35 times, featuring a large spiraling structure to the east of the heterogeneity (Fig. 2B) . Dye streaks show that the flow is eastward near the heterogeneity, with a narrow radially inward flowing jet along the spiral structure (Fig. 2C) . These flows are two-dimensional curtains aligned along the rotational axis, implying an essentially geostrophic balance. The spiral and the jet divide the warm region to the west from the cold region to the east, preventing mixing between them. Measurements show a trend of an eastward increase of temperature approaching the jet followed by a sharp drop in temperature across the jet. The spiral remains fixed in relation to the heterogeneity, forming a stationary front. Visual observations and temperature measurements show that the ICB (CMB) side of the front is dominated by cold (warm) plumes because the stationary front blocks the radial motion of the warm (cold) plumes. As the magnitude of heating is increased, the front extends eastward. Heat-flux measurements at the ICB show that, at Ra/Ra c Ӎ 30, ϳ40% of the heat anomaly is advected radially across the shell, and the rest is advected laterally along the CMB. Because the basic state is replaced by a front extending across the shell, we refer to this regime as global locking. A balance between Coriolis acceleration and thermal buoyancy in a columnar flow model (9) shows that an eastward decrease (increase) of the CMB temperature results in a downwelling (upwelling). This generates a cyclonic circulation, which develops into an eastward spiral for large heat-flux heterogeneity. Because the heterogeneity induces a warm eastward flow in contrast to the cold westward flow, a convergence of flows occurs, forming a front, and the pressure gradient associated with the density difference across the front drives the geostrophic jet (10). We estimate the lateral variation of convective heat flux needed for global locking to be comparable to a factor of 35 (11) . Estimates of the lateral variation of heat flux at the CMB, with the heat conducted down the adiabat removed, indicate that local and global styles of locking are possible in Earth's core (3).
On the basis of the experiments, we propose the following model for the flow in Earth's core under global locking (Fig. 3) . We expect a similar large-scale structure to exist in the core because of the heat-flux heterogeneity imposed by the mantle. We also expect fine-scale structures, although their spatial and temporal scales may be modified by the magnetic field. We assume that the flow is basically geostrophic, consistent with the presence of geomagnetic features that can be attributed to columnar flow (12) . For simplicity, we only consider anomalous CMB heat flow from the prominent seismically fast region near CMB beneath east Asia (13) . If there are two antipodal heterogeneities of the same strength, the experiments show that the eastward extent of the front is restricted. The observed absence of the westward drifting of the geomagnetic flux patches in the Pacific (12) is similar to the global locking regime for two reasons: (i) the front blocks the upwellings from the inner core and may inhibit the westward drifting flux patches from forming (14) and (ii) the eastward flow and the front blocks the mean westward flow. The directions of azimuthal flow in Fig. 3 agree with outer core flow models obtained from geomagnetic secular variation using tangentially geostrophic approximation (15) , which is consistent with the columnar nature of flows. We estimate the width and the velocity of the jet in the core as 10 km and 7 ϫ 10 Ϫ3 m/s, respectively, assuming a temperature difference across the front of ϳ10 Ϫ4°C (10, 16) . This shows that a localized flow can exist in the core, faster than the mean azimuthal flow of ϳ10 Ϫ4 m/s, inferred from the geomagnetic westward drift. Global locking is also expected to result in a hemispherical dichotomy in the growth of the inner core because of the differences in the heat flow at the ICB across the front. The model predicts a rapid inner core crystallization on the cold side of the front, leading to higher porosity and a larger growth-induced anisotropy in the inner core (17) . This agrees with seismological evidence revealing slow P-wave velocity and large anisotropy in the western hemisphere of the inner core (18) . The orientation of the inner core seismic structure in relation to the CMB heterogeneity agrees with the eastward phase shift we observed in the experiments. 3. The total heat flux at the top of the convective region of the core, q CMB , is the sum of the conductive heat flux along the adiabat q ad and the convective heat flux q conv , q CMB ϭ q ad ϩ q conv . q ad can be assumed to be laterally uniform. In contrast, q conv is variable; here, we assume it has a high and a low value, q conv high and q conv low , respectively. We suppose q conv high is found over some fractional area ƒ of the CMB. Then, the mean heat flow at the CMB can be expressed as q CMB ϭ q ad ϩ ƒq conv high ϩ (1 Ϫ ƒ)q conv low . We define the lateral variation of total heat flux as A ϭ (q ad ϩ q conv high )/(q ad ϩ q conv low ) and the mean Nusselt number by Nu ϭ q CMB /q ad . Then, the lateral variation of convective heat flux is given by B ϭ q conv high /q conv low ϭ 
